The surface structure and chemistry of polymers affect their functionality for a great range of applications in areas as diverse as biosensors, corrosion protection, semiconductor processing, biofouling, tissue engineering and biomaterials technology. Some of those applications require purposeful tailoring of laterally differentiated regions (e.g., array structures for multi-channel/multi-analyte biosensors and patterning for promotion of selective adhesion of cells/proteins). While such tailoring is currently taking place on the µm-scale, it is likely in the future to progress into the nm-regime. Attachment of biological moieties at surfaces and interfaces has been shown to be highly dependant on local chemistry at the intended site of attachment. Additionally, the local molecular-scale geometry may promote or hinder attachment events, as in the case of biofilms. To date, however, the effect of frictional properties of surfaces for chemical and biomolecular attachment is a much less understood phenomenon.
INTRODUCTION
Precise manipulation leading to laterally differentiated regions on polymeric materials is required for a range of applications/devices. Patterning surfaces will hinder or promote adhesion of various (bio)chemicals [1] [2] [3] . Ion beam sputtering, laser ablation, chemical etching and micro-ablation are just some of the well-established group of technologies collectively referred to as micro-machining. Scanning probe microscopy (SPM) has now become an addition to the variety of tools available. While some technologies such as chemical etching and ion beam sputtering rest on a firm scientific basis, the underlying science is much less satisfactory in the case of mechanical manipulation by SPM methods.
Current explanatory models for tip-induced manipulation of polymer surfaces are in their infancy. Earlier studies have generally been based on insight gained from unrelated materials [4] [5] [6] [7] [8] [9] with some studies investigating polymer materials scanned over reasonably small scan ranges (≤ 5×5 µm) with results showing polymer bundles forming as a result of action by the AFM probe manipulation of a soft elastic polymer, Poly(dimethylsiloxane), (PDMS), with a focus on the directional response of the AFM probe during manipulation over 10 and 20 µm 2 scan areas.
PDMS is now routinely used in a wide range of patterning and bio-chemical isolation and biomedical applications [15] [16] [17] [18] [19] , and has a multitude of potential applications including insulation and anti-fouling coatings [20] [21] [22] . It offers a range of useful physical, mechanical and chemical properties including transparency, surface hydrophobicity, constant and high ductility over a wide range of temperatures, low toxicity, high electrical resistance, long-term stability and flexibility 23 . PDMS is also used in soft lithography, which is of particular relevance to this study. The fabrication and use of micro/nano stamps and fluidic channels using PDMS material has been demonstrated in a number of studies (e.g., [16, [24] [25] [26] ). An understanding of the tribological properties and lithographic outcomes from AFM manipulation of PDMS surfaces is a necessary precursor for further technological exploitation.
EXPERIMENTAL SECTION
2.1. Specimen materials PDMS (Sylgard ® -184) was supplied by Dow Corning as a two part silicone elastomer. The base and curing agent were mixed at a 10:1 weight ratio, spin-coated onto atomically flat silicon wafer substrates and cured in an ambient environment (25°C and 55% relative humidity) for 48 hours prior to any analysis or manipulation. The average thickness of the polymer was ca. 2 µm.
AFM instrumentation
The work was carried out on a ThermoMicroscope TMX-2000 Explorer, based on the detection of tip-to-surface forces through the monitoring of the optical deflection of a laser beam incident on a force-sensing/imposing lever. Scanning with the instrument is implemented by probe/lever being in motion while the stage assembly remains stationary. In order to cover the scales of lateral and topographical differentiation, a 130×130 µm 2 tripod scanner (z-range of 9.7 µm) was used. The analyses were carried out under air-ambient conditions (20) (21) (22) (23) o C and 60-70 % relative humidity).
Probes
The probe consists of a lever with an integral conical tip attached at its free end. The tip-to-surface contact area defines the interaction volume, whereby information such as topography, strength of in-plane and out-of-plane forces is extracted. The contact area also represents the point at which purposeful manipulation is effected. Many polymers can be considered as 'soft' objects. Therefore the imposition of forces at the point of contact will cause deformation and indentation, and an increase in contact area. Thus it is necessary to use levers with force constants, k N , ≤ 0.1 nNnm -1 in order to improve resolution and to avoid surface modification. Levers with k N ≥ 4 nNnm -1 enable surface manipulation.
The characteristics of probes employed in the present study are listed in table 1. Beam-shaped levers were used in order to ensure that only simple bending modes needed to be considered. The data for radius of curvature at the tip apex, R Tip , aspect ratio (opening half angle) of the tip, A r , and surface chemistry (<10nm, <10° and native Si-oxide film, respectively) are summarized from the suppliers' specifications. The values of the force constant for normal deflection, k N , of individual probes were determined from the resonance method described by Cleveland et al [27] , and the torsional, k T , and longitudinal, k L , force constants were calculated from the standard expressions for a long and thin lever, described by Gibson et al [28] . 
Imaging
Under normal topographical imaging conditions, the 'over-scan' along the fast scan direction, is typically ca. 25%, and is a general characteristic of SPM instruments. This over-scan feature is intended as a means of removing the static friction feature from images. Thus for 20×20 and 10×10 µm 2 fields of view there were 4 and 2.56 µm over-scans, respectively, in the fast scan direction. The over-scan must be taken into account in this study due to the manipulation taking place along the entire fast scan trace. The outcome was then imaged over a larger field of view with a soft lever. As a result the imaged areas are quoted as 24×20 µm 2 and 12.56×10 µm 2 . Imaging of the manipulated regions on the polymer was carried out immediately after alteration of the surface.
RESULTS AND DISCUSSION

Surface topography and tip indentation
A contact mode topographical image of a freshly spun PDMS surface is shown in Figure 1 (a) in 3-dimensional representation. In order to evaluate the polymer surface topography with minimal surface alteration the image was obtained with probe 'A' in table 1, with a force loading < 20 nN. Subsequent scanning of a larger field of view than the previously imaged region, revealed no discernible surface changes in characteristics/relief and no build up of displaced material at the scan edges. The surface roughness for a 1×1 µm 2 region was 0.5 ± 0.1 nm. 
Stick-slip behaviour
The PDMS surface was scanned at moderately high force loadings in order to evaluate the extent of polymer manipulation. The field of view was generated with a resolution of 300 lines. The velocity in the fast scan direction was 125 µms -1 , and the raster over a field of 24×20 µm 2 was carried out in the constant normal force mode (with probe 'C'). The applied normal force was 950 nN and the fast scan direction (x-axis, 24 µm) was perpendicular to the long axis of the lever as shown in the inset in figure 2(a).
A lateral force image, shown in figure 2 (a), was obtained with a soft lever (probe 'A') which was used to scan after the manipulation of the PDMS surface using a stiff lever (probe 'B'). The channel depth and width, as revealed by topographical images (not shown here), was found to be 160-260 nm and 0.4-0.6 µm, respectively. The lateral force image clearly shows the series of horizontal channels and sloping lines connecting successive channels (arrows) showing the stick and slip mechanism, respectively, in the slow scan direction. The discontinuities/channels have an average spacing of approximately 2.3 µm. The location in the slow scan direction is incremented every two scanning lines in the fast scan direction in order to generate the raster pattern. Thus the scanning stage movement for a 20 µm image (slow scan direction) incorporates 300 × 2 scan lines spaced 66.67 nm apart. Thus there will be ca. 69 scan lines for a 2.3 µm stage-path along the slow scan direction, equal to the number of traverses per trough. The tip begins its raster motion at point A moving towards point B. This is illustrated in the inset whereby the raster motion proceeds from 1 to 3 within a single grey band (channel). The tip becomes trapped within the grey horizontal bands which represents one full stick cycle. As a consequence, only a small spatial region along the slow scan direction is imaged. Significant polymer deformation is evident during this process due to the stick point being dragged along in response to the longitudinal/buckling force imposed by the lever. Figure 2 (d) shows a schematic representation of the stick-slip behaviour in the fast scan direction similar to that shown in figure 2 (c) for the stick-slip process in the slow scan direction. As the tip moves across the surface (x-direction) it becomes embedded at the first stick point until a point of instability is reached between the restoring force of the deformed polymer and the torsional force of the tip. This instability causes the tip to be released thereby jumping to its next stick position, repeating the cycle in both the forward and reverse directions of travel.
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Loading Force Dependence
An investigation of loading force dependence on lateral force, channel spacing and depth was conducted. Figure 3 (a) shows a linear dependence of the lateral force on various force loadings using a stiff lever (probe 'D'). At higher force loadings the elastic limit of a softer surface will be exceeded thus resulting in plastic deformation. Trends between loading force and depth (right axis) and spacing (left axis) is shown in (b). The depth and channel spacing increases with loading force due to the tip being embedded deeper into the surface, causing an increase in contact area, greater trapping and elastic deformation of the polymer (both in the x and y directions) The greater in-plane elastic force causes an increase in the spacing. 
Scan Speed Dependence
A study of the dependence of scan speed on loading force, dynamic stick-slip amplitude (defined in figure 2 (b) ), number of stick-slip features and their spacing has also been undertaken. Figure 4 (a) shows representative data demonstrating a clear dependence of lateral force on the scan speed in the fast scan direction (left axis). As the speed increases, there is an increase in contact between the sides of the polymer surface and the leading face of the tip, resulting in an increase in lateral force in the slow scan direction. Also, the probe may be increasingly restrained by the polymer. A similar trend occurs in the fast scan direction, whereby the dynamic stick-slip amplitude (right axis in figure 4 (a) ) increases. The representative data presented in (b) shows a decrease in the number of stick-slip features (right axis) and an increase in the spacing between them (defined in figure 2 (b)) (left axis). 
Image Resolution Dependence
The dependence of the number of channels, spacing and depth on image resolution has also been studied. Table 2 below indicates from experiments that the higher the resolution, the greater the number of times the tip traverses within a single channel before slipping to the next stick point. Figure 5 shows the general trends observed as the resolution was gradually increased, using probe 'E' and 'B' during and after manipulation, respectively. The loading force of 465 nN during manipulation, scan speed of 125 µms -1 and field of view of 10×10 µm 2 were all kept constant for consistency. The results show an increase in channel spacing and depth after a resolution of 100 lines. Figure 6 shows the general features of the stick-slip regime for high and low resolution image lithography. At a low resolution (e.g., 50×50 or 100×100 lines), the incremental movement of the tip in the y-direction is greater (200 nm at 50×50 resolution) than that at a high resolution (66 nm at 300×300 resolution). This results in a lower number of rasters within a channel allowing the tip apex to be removed from the stick region. As the resolution increases, the number of rasters within a trough increases allowing the tip apex to become embedded further into the polymer surface, trapping the tip more efficiently, and providing a stronger restraining stick region. This results in the reduction in the number of troughs created over a scan area. Figure 5 . Schematic representation of the general stick-slip features for high and low resolution image lithography. At a high resolution, the raster increment, E1, is lower than the raster increment, E2, at a low resolution. The stick region is also greater at a high resolution, that is, D1 > D2.
Homogeneous frictional architecture
By altering the loading force it is possible to induce or prevent the stick-slip phenomenon. Figure 6 (a) shows a friction force image of a manipulated region on the PDMS surface. The manipulation was carried out at high force loading (ca. 600 nN) in order to induce stick-slip on the polymer surface, and thus create evenly spaced channels, as previously described in sections 3.2 -3.5. Figure 6 (b) shows a friction force image resulting from a lower force loading of ca. 200 nN. The outcome is a uniform, laterally differentiated region. The two distinctly different outcomes shown in figure 6 (a) and (b) demonstrate the ability to form homogeneous and inhomogeneous frictional surface profiles using manipulative atomic force microscopy.
(a) (b) Figure 6 -(a) Friction force image of a manipulated region using a force loading of ca. 600 nN resulting in uniformly spaced channels due to stick-slip. By altering the scan angle, it is possible to produce features with various orientations. Figure 7 shows a topographical (a) and a friction force map (b) showing details of channels with sub-µm spacing created as a result of the stick-slip phenomenon. The channels were scanned 45° to each other, thus creating precise mesh-like patterns. The line profile in (c), corresponding to the image in (a), shows an average depth of the channels to be ca. 15 nm.
(c) Frictional force images in figure 8 show three manipulated regions within a single field of view, with the corresponding friction loops revealing higher friction on the manipulated regions. Squares A and B are the result of three and four repetitive rasters, respectively, using a high spring constant lever. The corresponding friction loops show the difference in friction in the two squares, i.e., ∆F F of square A is lower than that of square B. Square C is the result of a single raster over a 20×20µm 2 area, with a subsequent raster over a 10×10µm 2 area (square D), creating a frictional 'tier'. The RMS surface roughness of the manipulated region on square B was found to be higher (ca 2.8 nm) than that of the surrounding PDMS surface (ca 1.8 nm), for a 4×4 µm 2 area. 
CONCLUSION
Stick-slip effects have been observed in previous AFM studies; these have, in most cases, been restricted to atomic and molecular scales [33] [34] [35] . In the case of AFM-based manipulation of polymers the focus has generally been on establishing the dependence on loading force 1, 6, 10, 36, 37 , and/or temperature and number of rasters [12] [13] [14] . The present results for PDMS show, in particular, friction loop acquisition and analysis during manipulation, and describe in some detail the response of the AFM probe when it is in dynamic contact with a soft elastic polymer surface.
Surface alteration has been correlated with the response of the probe to linear motion and to lateral forces imposed by the relaxing polymer. An explanatory model was constructed with the aid of friction loop analysis, whereby the tip not only sticks and slips within the trough, in the fast scan direction, but also from one trough to another, in the slow scan direction. The process was consistently reproduced with levers with a spring constant of > 1 N/m. The in-plane relaxation of the surface in response to tip-induced in-plane forces, dynamic stick-slip amplitude and stick-slip spacings have also been examined.
By altering the scan conditions and probe parameters it is possible to carry out frictional patterning on a polymer surface (in this case PDMS) at the micro and nano scales. The frictional patterning can be carried out to form intricate frictional profiles. The pattered surfaces may have applications in regard to selective adsorption and separation of biological molecules.
